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X. Kong, J. S. Tweddell, G. J, Gross and J. E. Baker, Sarcolemmal and Mitochondrial K w Channels Mediate 
Cardioprotection in Chronically Hypoxic Hearts. Journal of Molecular and Cellular Cardiology (2001) 33, 1041-1045. 
Hypoxia from birth increases the resistance of the isolated neonatal heart to ischemia. We determined if increased 
resistance to ischemia was due to activation of sarcolemmal or mitochondrial K ATP channels. Rabbits (n = 8/ 
group) were raised from birth in a normoxic (F r 0j = 0.21) or hypoxic (F,O 2 = 0.12) environment for 8-10 days 
and the heart perfused with Krebs-Henseleit bicarbonate buffer. A mitochondrial-selective K AW channel blocker 
5-hydroxydecanoate (5-HD) (300^mol/l) or a sarcolemmal-selective K ATP channel blocker HMR 1098 (30 //mol/ 
1) were added alone or in combination for 20 min prior to a global ischemic period of 30 min, followed by 35 min 
reperfusion. Recovery of ventricular developed pressure was higher in chronically hypoxic than normoxic hearts 
5-HD and 1JMR 1098 partially reduced the cardioprotective effect of chronic hypoxia, but had no effect in 
normoxic hearts. The combination of 5-HD and HMR 1098 abolished the cardioprotective effect of chronic 
hypoxia. We conclude that both sarcolemmal and mitochondrial K ArP channels contribute to cardioprotection in 
the chronically hypoxic heart. © 2001 Academic Press 
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Introduction 

Adaptation of the heart to chronic hypoxia from 
birth results in increased resistance to ischemia, 1 
which is associated with activation of K^. chan- 
nels. 2 Two subtypes of K ATP channels exist: mito- 
chondrial K ATP channels, located in the inner 
mitochondrial membrane, and the surface K ArP 
channels located in the sarcolemmal membrane. 
The cardioprotective effects of chronic hypoxia are 
abolished by glibenclamide, 3 a mitochondrial and 
sarcolemmal K ATP channel blocker. 4 Thus, it is not 
known as to which channel mediates cardio- 
protection. 

Selective openers and blockers of the mito- 
chondrial and sarcolemmal K ATP channels have been 



identified. The K ATP channel opener diazoxide is 
1000 times more selective for opening mito- 
chondrial than sarcolemmal K^p channels. 3 The 
cardioprotective effect of diazoxide is abolished by 
the selective mitochondrial K lWP channel blocker 5- 
hydroxydecanote (5-HD). 6 5-HD also abolishes the 
cardioprotective effects of preconditioning in im- 
mature hearts. 7 The K ATP channel blocker HMR 
1883 and its sodium salt HMR 1098 are selective 
for the sarcolemmal K ATP channel. 8 However, HMR 
1098 does not block preconditioning 9 which sug- 
gests that the sarcolemmal K ATP channel does not 
contribute to this form of cardioprotection. 

The right ventricle is more resistant to ischemia 
in both normoxic and chronically hypoxic hearts. 3 
However, the relative roles of mitochondrial and 
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sarcolemmal K ATP channels in mediating resistance 
to ischemia in the right ventricle are unknown. 
Thus, our objectives were to determine the con- 
tribution of the mitochondrial and sarcolemmal 
K ATP channels to cardioprotection in left and right 
ventricle afforded by adaptation of hearts to chronic 
hypoxia. 



Materials and Methods 

Creation of hypoxia from birth 

Rabbits were raised from birth to 8-10 days of age 
in a hypoxic (FA = 0.12) or normoxic (F,0 2 = 0.21) 
environment as described previously. 7 



Perfusion sequence 

We performed the following experiments using eight 
groups (n=8/group) to determine whether the 
mitochondrial or sarcolemmal K^p channels con- 
tribute to cardioprotection in chronically hypoxic 
hearts. The eight groups were as follows: group 
1, normoxic, no intervention; group 2, normoxic, 
treated with 5-HD alone; group 3 , normoxic, treated 
with HMR 1098 alone; group 4, normoxic, treated 
with 5-HD plus HMR 1098; group 5, chronically 
hypoxic, no intervention; group 6, chronically hyp- 
oxic, treated with 5-HD alone; group 7, chronically 
hypoxic, treated with HMR 1098 alone; group 8, 
chronically hypoxic, treated with 5-HD plus HMR 
1098. Immediately after aortic cannula tion, hearts 
were perfused in the Langendorff mode at a constant 
perfusion pressure of 42mmHg 1 with balloons 
placed in left and right ventricles. Biventricular 
function and coronary flow rate were recorded 
under steady-state conditions. 3 5-HD (300 ^m.ol/1) 
or HMR 1098 (30 ^mol/i) were added alone or in 
combination for 20 min prior to a global ischemic 
period of 30 min, followed by 3 5 min of reperfusion. 

Recovery of developed pressure was expressed as 
a percentage of its pre-drug, pre~ischemic value. 
Results are expressed as the mean+s.D. Statistical 
analysis was performed by use of repeated measures 
AN0VA with the Greenhouse-Geisser adjustment 
used to correct for the inflated risk of a Type I 
error. 3 If significant, the Mann-Whitney test was 
used as a second step to identify which groups were 
significantly different. After ANOVA the data were 
analysed for differences related to multiple com- 
parisons. 3 Significance was set at P<0.05. 



Results 

To determine the optimal concentration for 5-HD 
and HMR 1098 for use in the cardioprotection 
studies, we performed concentration-response stud- 
ies for each drug (5-HD: 0-450 jumol/I, HMR 1098: 
0^15 /zmol/l) in chronically hypoxic hearts. In 
chronically hypoxic hearts both 5-HD and HMR 
1098 exhibited a "U"-shaped response profile for 
recovery of left ventricular developed pressure and 
drug concentration. The optimal concentrations 
for reducing the cardioprotective effect of chronic 
hypoxia with 5-HD and HMR 1098 was 300 /xmol/ 
1 and 30 jumol/l, respectively. In normoxic hearts 
300 jumol/1 5-HD and 30 /xmol/l HMR 1098 did 
not affect recovery of left ventricular developed 
pressure compared with drug free controls. These 
concentrations of 5-HD and HMR 1098 are able 
to block current through the mitochondrial and 
sarcolemmal K ATP channels, respectively. 8 



Pre-ischemic function 

Cardiac function and the effect of K ATP channel 
blockers on aerobic function prior to ischemia were 
determined in immature normoxic and chronically 
hypoxic hearts (Table 1). 5-HD (300^mol/l) did 
not affect heart rate, coronary flow or developed 
pressure in left or right ventricule in normoxic 
hearts. However, in chronically hypoxic hearts 5- 
HD depressed heart rate slightly without affecting 
coronary flow or developed pressure in either vent- 
ricle. HMR 1098 (30 jumol/I) did not affect heart 
rate, coronary flow or developed pressure in left or 
right ventricle in normoxic hearts. However, in 
chronically hypoxic hearts, HMR 1098 increased 
left but not right ventricular developed pressure 
and did not affect heart rate or coronary flow. The 
combination of 5-HD (300 /miol/1) plus HMR 1098 
(30,umot/l) had no effect on heart rate, coronary 
flow or left and right ventricular developed pressure 
in either normoxic or chronically hypoxic hearts. 



Post-ischemic function 

To determine the effect of chronic hypoxia on re- 
sistance to myocardial ischemia, recovery of post- 
ishemic function was examined in normoxic and 
hypoxic hearts not subjected to drug intervention. 
Recovery of left ventricular developed pressure fol- 
lowing ischemia was greater in chronically hypoxic 
hearts (68 + 4%) compared with normoxic hearts 
(44 + 5%) (Fig. 1). Recovery of developed pressure 
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Figure 1 Recovery of [eft ventricular developed pressure 
following 20 min treatment with 5-HD alone (300 /jmol/ 
1), HMR 1098 (30 /miol/1) alone and 5-HD (300 /anol/1) 
combined with HMR 1098 (30^mol/l) prior to 30 min 
global ischemia and 35 min reperfusion. (□), Control; 
(M), 5-HD alone; (■), HMR 1098 alone; (*), 5-HD 
combined with HMR 1098. Data are means + s.D. (n=8 
hearts/group). +, P<0.05, normoxic v hypoxic; *, 
P<0.05, drug alone v drug-free control; f, P<0.05, drug 
alone v drugs combined. 
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Figure 2 Recovery of righl ventricular developed pres- 
sure following 20 min treatment with 5-HD alone 
{300 /rniol/1), HMR 1098 (30 ^mol/l) alone and 5-HD 
(300 /miol/1) combined with HMR 1098 (30 /miol/1) prior 
to 30 min global ischemia and 35 min reperfusion. (□), 
Control; (M), 5-HD alone; (■), HMR 1098 alone; (■), 
5-HD combined with HMR 1098. Data are means ±s.d. 
(n = 8 hearts/group). +, P<0.05, normoxic v hypoxic; 
*, P<0.05, drug alone v drug-free control; t, drugs 
combined v drug-free control. 



in the right ventricle was greater in chronically 
hypoxic hearts (78 + 8%) compared with normoxic 
hearts (71 + 10%) (Fig. 2). 

To determine the effect of blockade of mito- 
chondrial and sarcolemmal K ;WP channels upon 
resistance to myocardial ischemia, recovery of post- 
ishemic function was measured in normoxic and 
chronically hypoxic hearts treated with 5-HD and 
HMR 1098 either alone or in combination prior to 
ischemia. 5-HD and HMR 1098 alone partially 



reduced recovery of left ventricular developed pres- 
sure in chronically hypoxic hearts to 52 + 4% and 
55 + 3%, respectively, but had no effect in normoxic 
hearts (Fig. 1}. However, the combination of 5-HD 
and HMR 1098 completely abolished the cardio- 
protective effect of chronic hypoxia (68 + 4% to 
44 + 5%) but had no effect in normoxic hearts (Fig. 
1). 5-HD and HMR 1098 alone completely abolished 
the cardioprotective effects of chronic hypoxia in 
the right ventricle (Fig. 2), The combination of 5- 
HD and HMR 1098 in chronically hypoxic hearts 
further depressed recovery of developed pressure in 
right ventricle to 62 + 9% (Fig. 2). 



Discussion 

Previously we showed that chronic hypoxia from 
birth increased resistance of isolated hearts to isch- 
emia, and that the cardioprotective effect of hypoxia 
was abolished by glibenclamkle, a non-selective 
K^jp channel blocker. However, the identity of the 
K^p channel subtype associated with increased re- 
sistance to ischemia remained unknown. In this 
report, we show that both mitochondrial and sar- 
colemmal K^rp channels contribute to the car- 
dioprotective effects of adaptation to chronic 
hypoxia from birth. The mitochondrial and sar- 
colemmal K ATP channels did not contribute to car- 
dioprotection in normoxic hearts. Simultaneous 
inhibition of both sarcolemmal and mitochondrial 
K ATI . channels completely abolished the cardio- 
protective effects of chronic hypoxia. 

Our study is the first to demonstrate that cardio- 
protection induced by adaptation to chronic hy- 
poxia involves activation of both the sarcolemmal 
and mitochondrial K ATP channel. In contrast, cardio- 
protection induced by ischemic preconditioning in- 
volves the mitochondrial but not the sarcolemmal 
Kaip channel. 9 Similarly, cardioprotection induced 
by opioids can also be abolished with 5-hydroxy- 
decanoate but not HMR 109 8. 10 These studies on 
cardioprotection induced by ischemic pre- 
conditioning and opioids were performed on un- 
stressed normoxic hearts and these hearts may 
respond differently than those exposed to chronic 
hypoxia. 

Most studies of cardioprotection have in- 
vestigated resistance to ischemia in the left ventricle. 
The use of the isolated heart model allows sim- 
ultaneous measurement of resistance to ischemia 
in both left and right ventricle and permits com- 
parisons to be made. We showed that the right 
ventricle was more resistant to ischemia than the 
left ventricle in both normoxic and chronically 
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hypoxic hearts. The isolated heart model avoids the 
systemic effects of K ATP channel openers or blockers. 
There is very little information available on the 
role of the K ATP channel in mediating resistance to 
ischemia in the right ventricle. 5-HD and HMR 
1098 were able to abolish the cardioprotective 
effects of chronic hypoxia in right ventricle in- 
dicating that mitochondrial and sarcolemmal K ATP 
channels mediate resistance to ischemia in the 
chronically hypoxic right ventricle. 

Cardioprotection of the myocardium can be in- 
duced by several ways including ischemic pre- 
conditioning" and chronic hypoxia. 1 However, 
distinct differences are present in the mechanisms 
underlying cardioprotection by ischemic pre- 
conditioning and adaptation to chronic hypoxia. In 
late preconditioning, nitric oxide generated from the 
NOS2 isoform protects the heart against sustained 
ischemia. 11 However, our studies with chronic hy- 
poxia show nitric oxide generated from the N0S3 
isoform is responsible for protecting the heart 
against ischemia. 12 Preconditioning is mediated by 
activation of the mitochondrial K ATP channel. 9 Our 
study shows both sarcolemmal and mitochondrial 
K ATP channels mediate cardioprotection in chron- 
ically hypoxic hearts. Thus, the operative mech- 
anisms by which adaptation to chronic hypoxia 
and late preconditioning protect the heart against 
ischemia are separate. 

We conclude the sarcolemmal and mitochondrial 
K ATP channels contribute to cardioprotection in the 
chronically hypoxic heart. Further investigations 
are needed to clarify the mechanisms by which 
K ATP channels become active during adaptation to 
chronic hypoxia and produce an increased re- 
sistance to myocardial ischemia. 
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